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Investigations of Microwave Stimulation of a Turbulent Low-Swirl Flame
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Introduction and Background
Plasma-Assisted Combustion (PAC) has potential for combustion control and for reducing emissions to meet the globally growing demands on flexible power generation, [1] . Plasma, the fourth state-of-matter, can be used for fuel-reforming and flue-gas treatment, [2] [3] , but the focus of the present work is on applying the electric energy directly to the flame. PAC offers a method to modify the thermal and kinetic properties of the reactants, intermediates, radicals and products, [4] . Due to fast electron impact excitation and dissociation of molecules at low temperatures, plasma introduces new reaction pathways, modified chemical time-scales, and may significantly change the combustion process, [4] [5] . Employing PAC improves flame stability and delays lean blow-out, allowing stable combustion with leaner, low-emission fuel-mixtures. PAC may extend the fuel compatibility to open up for using e.g. bio-fuels with minimal hardware modification.
Different technologies may be used to supply electrical energy to the flame including Dielectric Barrier Discharges (DBD), [6] , Gliding Arc Discharges (GAD), [7] , Microwave Discharges (MD), [8] , and Radio-Frequency Discharge (RFD), [9] , as described in [4] [5] . Adding electric energy through microwave radiation is advantageous for direct stimulation of a flame since there is no need for electrodes (surviving in the harsh environment in a flame). In addition, microwave irradiation will be most efficiently absorbed in the flame-front, where both the electron density and the reduced electric field, E/N, are high. Creating a microwave-plasma is energy-costly, and here we instead endeavor to use microwave irradiation to generate a plasma-like state below dielectric breakdown. This allows us to influence the flame chemistry mainly by increasing the energy of the electrons already produced by chemiionization, a technology previously explored by Ward, [10] . Several experimental and computational investigations have been performed for microwave-stimulated laminar flames below dielectric breakdown, [11] [12] [13] , but no previous experimental or computational studies of microwave-stimulation on turbulent swirl-stabilized flames in industrially relevant burners have been found by the authors.
This investigation concerns microwave-stimulated combustion in a lean swirling stratified turbulent flame at atmospheric conditions. The objectives are to demonstrate that the technology increases both the laminar and turbulent flame speeds and modifies the chemical kinetics so as to enhance flame stability at lean mixtures. A skeletal reaction mechanism for methane (CH 4 )-air combustion, expanded with sub-mechanisms for singlet oxygen, ozone, chemionization, electron impact dissociation, ionization and attachment is developed and as a first step applied to laminar flame simulations. The low-swirl flame is studied in an experimental investigations using hydroxyl (OH) and formaldehyde (CH 2 O) Planar Laser-Induced Fluorescence (PLIF) and numerical simulations using finite rate chemistry Large Eddy Simulations (LES), [14] . Common trends in experiments and simulations results are used to demonstrate and explain some aspects of microwave-stimulated combustion.
Experimental Set-Up and Measuring Technique
This investigation of microwave assisted turbulent combustion is performed for flames stabilized by a low-swirl burner, [15] , offering a good compromise between simplicity and flow complexity. The low-swirl flow is created by an outer annular swirler, with eight swirl-vanes, in combination with an inner perforated plate, Fig. 1a . With this design the swirl and the highest velocities are found in the outer part of the flow discharging from the nozzle, [16] . The diverging turbulent flow creates an inner low-velocity region in which the flame is stabilized. The study is performed with the low-swirl burner discharging into a purposely-designed microwave cavity, Fig.   1b , enclosing an air-co-flow of 0.4 m/s. The setup is similar to that used by Ehn et al., [17] [18] , and includes calibrated mass-flow controllers for CH 4 and air (Bronckhorst Hi-Tec, EL-Flow) and a flow-meter for the co-flow (Fox, Thermal Instruments). Equivalence ratios of =0.58 and 0.62, with theoretical powers of 24 and 27 kW, respectively, were studied.
The microwave system includes a magnetron (National Electronics GA15MP) operating at a frequency of 2.45 GHz, a circulator and a load, sensors for incident and reflected power and a three-stub tuner. The flame is kept in a (D=300 mm) metallic cavity to achieve the mode-pattern that balances the position of the flame, and to obtain proper microwave coupling, Fig. 1c . Microwave coupling to the flame is achieved by tuning the location of the upper metallic grid at the upper end of the cavity, Fig. 1b . The lower metallic grid, positioned between the burner nozzle and the flame, is required to close the microwave cavity but also affects the flow by reducing the swirling motion, resulting in flame stabilization further downstream than reported, [15] . The microwave cavity is purposely designed for OH and CH 2 O PLIF measurements with a slit for laserbeams, a built-in beam-dump and a viewport for 90°-angle imaging.
The experimental system is summarized in Fig. 1d : 
Large Eddy Simulation Models, Kinetics and Numerical Methods
The simulation model is based on finite-rate chemistry LES, [14] , using the Partially Stirred Reactor (PaSR) combustion model, [19] , which is extensively validated, e.g. [20] , and frequently utilized in applied studies, e.g. [21] . The LES model is implemented in OpenFOAM, [22] , and the LES transport equations are solved by using high-order monotonicity-preserving convective and diffusive flux-reconstruction schemes and Crank-Nicholson time-integration, [23] . The combustion chemistry is separately integrated using a Strang-type operator-splitting scheme, [24] . A fully compressible Pressure-based Implicit Splitting of Operators (PISO), [25] , algorithm is utilized for the pressure-velocity-density coupling. Stability is enforced by using compact stencils and by enforcing conservation of kinetic energy with a Courant number<0.5.
The microwave-assisted CH 4 -air combustion chemistry is modeled using a dedicated skeletal mechanism, Z80, comprising 80 irreversible reactions, consisting of a 42-step CH 4 -air mechanism, Z42, combined with reaction sub-sets for ozone, singlet oxygen, chemionisation, electron-impact, and electron attachment and dissociation according to Table S1 . The combustion chemistry is sufficiently detailed to describe important flame properties, but small enough for finite-rate chemistry LES. The mechanism development was performed using the laminar flame speed (s u ), flame temperature (T flame ) and species concentration profiles of major and other key species, as targets. Ignition delay times ( ign ) and extinction strain rates ( ext ) were evaluated to characterize the effects of microwave irradiation at different equivalence ratios.
The Z42 CH 4 -air mechanism, R1-R35, was adopted from [26] , with the addition of CH and CH 2 reactions, R36-R42, from [27] , with small modifications to some of the pre-exponential factors. Z42 show excellent agreement with the GRI 3.0 reaction mechanism, [28] .
Microwave-stimulated combustion involves reactions of ozone (O 3 ) and excited oxygen in the singlet state (O 2 * ), both known to increase the reactivity of CH 4 -air mixtures, [29] [30] . The O 3 subset, R43-R55, was selected from Wang et al., [29] , as previously used by Ehn et al., [31] . The O 2 * subset, consisting of R56 and R57-R64 from [30] , is a dominant source of radicals (H, OH, HO 2 and O) and therefore largely determines the reactivity of the system.
Chemionization provides the background electron concentration, existing also without microwaves, and is here represented by reactions R65-R68, with CH+O→HCO + +e usually considered as the main chemionization source in flames, e.g. [32] .
Electron impact dissociation and ionization reactions, R69-R76, provide radicals by collisions with free electrons, e, and have a highly non-linear dependence on E/N. The ionization reactions contribute significantly to the increasing electron concentration at higher E/N, resulting in increased O 2 * concentration and increased reactivity of the system. All E/N dependent reaction rates, R56 and R69-R76, were determined using BOLSIG+, [33] , with cross-sections from Morgan, [34] , and Phelps, [35] . Relevant rates for reactions involving electrons require that species with high concentration or large cross-section for low energy electron interactions are taken into account, including inert N 2 . These reaction rates were calculated for compositions representative of where CH has the highest concentration. The reaction rate of R56, O 2 +e→O 2 * +e, implemented in the mechanism is decreased compared to the value determined by BOLSIG+. In a more extensive mechanism, collisional quenching would disable some O 2 * , whereas in this simplified mechanism, tuning of O 2 * production is necessary. Sensitivity analysis, reveals that among the E/N dependent reactions the primary flame enhancing reactions are R56 and R74, emphasizing the significance of the oxygen chemistry in discharge plasma under prevailing conditions. It is, however, interesting to notice that for lean conditions at E/N=80 Td, the E/N dependent reactions are of comparably low importance, and that R57, R61 and R63 from the O 2 * subset have more significant sensitivity.
The electron attachment and dissociation reactions, R77-R80, [36] , result in a reduced radical pool since they remove the positive ions created by ionization.
Laminar microwave-assisted flames, at 1 atm and 300 K, were computed, using Chemkin, [37] , and the Z80 mechanism at E/N=0, 60, 70 and 80 Td, Fig. 2a . An ideal microwave modeshape is assumed. Previous results indicate that the increase in s u , at E/N<125 Td, can be expected to be in the range from 19% to 68%, represented by the shaded area in Fig. 2a . The present modeling suggests that s u show the smallest relative increase at =1.0. For reduced electric fields E/N=60 Td, significant enhancement is observed at lean conditions, <0.8, with more than 50% at =0.5, reducing to 25% at =0.6. For E/N=70 Td, the enhancement in s u at =0.6 is 120%, decreasing to about 25% at =1.0. Stronger enhancement, but similar trends, are noted for E/N=80 Td. This is in agreement with Ju et al., [13] , in that the flame enhancement is most noticeable at lean conditions. Sensitivity analysis show that the reactions dominating the flame chemistry is strongly dependent on equivalence ratio; for E/N=60 Td the CH 4 -air reactions of the Z42 baseline mechanism dominate the chemistry at =1.0, whereas at lean conditions, reactions of O 2 * , primarily with e, are significantly more important.
Extinction strain-rate computations, Fig. 2b , show a relatively stronger augmentation at lean conditions. Ignition delay times are identical with and without microwaves at temperatures above about 1500 K, while at lower temperatures the ignition occurs considerably faster as the microwave field is applied. This is a result of a strongly increased reactivity at low temperatures where the CH 4 -air gas mixture is relatively unreactive otherwise. 
Results and Discussion
The design of the burner swirler arrangement, [15] , causes an enclosed low-velocity zone to de- Fig. 3a-3b , and computationally in Fig. 3c-3f . Figures 3a and 3b show high-speed images with and without microwave stimulation, respectively. This is line-ofsight data and is thus the integrated signal of flame chemiluminescence. In addition to an obvious increase in flame chemiluminescence with microwave stimulation the flame becomes wider and moves somewhat closer to the burner nozzle. This effect on the flame is seen in the snapshot images in Fig. 3a and 3b , which is further seen in the averaged optical measurement data. Moreover, exhaust temperature monitoring using a thermocouple, 11 D above the burner, reveal up to 10% increase in gas temperature when ~2 kW electric energy is absorbed by the flame at =0.58.
Volumetric renderings from LES at E/N=0, 60, 70 and 80 Td are presented in Fig. 3c, 3d Time-averages and rms-fluctuations of the axial velocity, v x , and T are shown in Fig. 4a and 4b, respectively, athwart the flame at different heights above the burner. Here, experimental data, [15] [16] 38] , are compared with LES predictions, without microwave irradiation at =0.62. Time-averaged number densities from LES results and PLIF signals of CH 2 O and OH data are shown in Fig. 5b and 5c , at 0.6 and E/N=0, 60, 70 and 80 Td, respectively. It is important to note that the LES are based on a model in which the flame is exposed to a spatially limited constant reduced electric field that can be altered, while the electric field mode-pattern in the current experimental set-up is affected by the turbulent flame and is thus varying. The temperature of the flame results in a non-uniform reduced electric field. Hence, quantitative comparison between experiments and simulations should be carried out with care. Instead, however, results from the two approaches are compared in terms of trends in the flame behavior.
Acceptable agreement between experimental data and LES predictions in terms of
Experimentally, flames at =0.58 and 0.62 were studied with the leaner flame being very close to the lean blow-off limit. The intensity of the cross-sectional data should not be compared between the two experimental datasets. The windows used for comparison are emphasized by the box in Fig. 5a , and the corresponding PLIF and LES images, in Fig. 5b and 5c Table S1 .
Time-averaged LES number densities at E/N=70 Td agree with the mean PLIF CH 2 O and OH distributions with 1 kW absorption, according to Fig. 5b and 5c . Still, the positions of the mean OH and CH 2 O signals, seen by comparing the cross-sectional data, is somewhat higher for the experimental data due to the metallic grid that is position just above the burner nozzle. The LES profiles are clearly shifted, in particular for CH 2 O, when E/N is increased from 70 Td to 80
Td. Reduced field strengths of 60 Td and 70 Td also brings the flame closer to the burner nozzle that is also seen in the experimental cross-sectional profiles for 0.58. However, this is not observed for the 0.62 case, which is a combination of decreased microwave coupling to the flame, and that the flame is less stable at leaner conditions. Experimental data reveal a modest increase in CH 2 O signal for 0.58, and virtually no effect at 0.62, whereas a clear increase is seen for the OH signal in both data sets. Such behavior is also observed in the LES profiles with E/N=60 and 70 Td where the increase in CH 2 O data is less pronounced than for OH. the key species for microwave enhanced CH 4 -air combustion.
Concluding Remarks
Microwave stimulation of a swirl stabilized flame has been experimentally and computationally examined with PLIF and combustion LES. Similar trends are seen from simulations and experiments for cases close to the lean blow-off limit. Microwave stimulation increased flame-area, flame-volume and exhaust gas temperature as well as making the flame stabilize closer to the burner nozzle. These trends indicate an increase in turbulent flame speed, which is in line with the fact that microwave stimulation increases the laminar flame speed. In addition, the microwaves clearly increase the concentration of OH in the post-flame region. Laminar flame simulations identify the production of singlet oxygen (O 2 * ) to be the most dominant species in the flame speed enhancement. The production of O 2 * in the turbulent flame is highly nonlinear in relation to E/N and is much more efficient at higher reduced electric fields. LES predictions indicate that reduced electric field strengths below 70 Td has moderate impact on the flame whereas the nonlinearity in flame speed enhancement is accentuated for reduced electric fields between 70 and 80 Td. However, increasing the microwave power and E/N in a continuous system will result in gas breakdown and excessive heating that in turn will increase NO x production. This suggests that pulsed microwave stimulation, where high reduced electric fields of several hundred Td and short pulses are generated, would be of interest for plasma-assisting combustion control. Table S1 .
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